The repair of DNA double-strand breaks (DSBs) occurs via nonhomologous end-joining (NHEJ) or homologous recombination (HR). These mechanistically distinct pathways are critical for maintenance of genomic integrity and organismal survival. Although inactivation of either pathway leads to embryonic lethality, here we show selective requirements for each DNA DSB repair pathway at different stages of mammalian nervous system development. DNA damage-induced apoptosis resulting from inactivation of HR (Xrcc2 deficiency) only occurred in proliferating neural precursor cells, whereas disruption of NHEJ (DNA ligase IV deficiency) mainly affected differentiating cells at later developmental stages. Therefore, these data suggest that NHEJ is dispensable for a substantial portion of early development because DSB repair during this period utilizes HR. Moreover, DNA damage-induced apoptosis required the ataxia telangiectasia mutated (Atm) kinase after disruption of NHEJ, but not HR, during neurogenesis. However, embryonic lethality arising from disruption of either repair pathway was rescued by loss of p53 and resulted in specific tumor types reflective of the particular DSB repair pathway inactivated. Thus, these data reveal distinct tissue-and cell-type requirements for each DNA DSB repair pathway during neural development and provide insights for understanding the contributions of DNA DSB responses to disease. ataxia telangiectasia mutated ͉ DNA double strand-break ͉ tumorigenesis ͉ neurogenesis ͉ genomic instability N onhomologous end-joining (NHEJ) and homologous recombination (HR) are mechanistically distinct DNA repair pathways that ensure the repair of DNA double-strand breaks (DSBs). These pathways differ in their DNA template requirements and the fidelity of the repair process. HR requires a group of RAD51-related proteins that includes XRCC2 to ensure high fidelity DNA repair by using an undamaged homologous DNA template to replace an adjacent damaged one (1, 2). In contrast, NHEJ facilitates direct modification and ligation of the two DNA ends present at the DSB. Efficient NHEJ requires Ku heterodimers (Ku70 and Ku80), DNA-PK catalytic subunit (PKcs), DNA ligase IV (Lig4), and XRCC4 (3, 4). Additionally, other components are also required, amongst which may be Artemis and the recently described XRCC4-binding factor XLF͞ Cernunnos (5, 6). Whereas NHEJ can participate in repair during all cell cycle phases, HR is functionally important from late synthesis (S) phase to mitosis (7), although there is likely to be cross-talk and cooperation between these two pathways (8-10). Components of each pathway are ubiquitously expressed, and it is assumed that both pathways are competent for and participate in DNA repair, although NHEJ is generally considered the predominant pathway for repairing DSBs in mammalian cells (4). Thus, together, NHEJ and HR provide an effective means of responding to DNA DSBs and act to prevent the accumulation of damaged DNA. However, delineating distinct roles and the functional interrelationship of each pathway during development and homeostasis are unclear. To precisely evaluate the relative contributions of DSB repair pathways during mammalian development, we compared the consequences of germ-line disruption of either HR or NHEJ. Unexpectedly, our data suggest a specific requirement for each pathway at distinct developmental stages during mammalian neurogenesis.
The repair of DNA double-strand breaks (DSBs) occurs via nonhomologous end-joining (NHEJ) or homologous recombination (HR). These mechanistically distinct pathways are critical for maintenance of genomic integrity and organismal survival. Although inactivation of either pathway leads to embryonic lethality, here we show selective requirements for each DNA DSB repair pathway at different stages of mammalian nervous system development. DNA damage-induced apoptosis resulting from inactivation of HR (Xrcc2 deficiency) only occurred in proliferating neural precursor cells, whereas disruption of NHEJ (DNA ligase IV deficiency) mainly affected differentiating cells at later developmental stages. Therefore, these data suggest that NHEJ is dispensable for a substantial portion of early development because DSB repair during this period utilizes HR. Moreover, DNA damage-induced apoptosis required the ataxia telangiectasia mutated (Atm) kinase after disruption of NHEJ, but not HR, during neurogenesis. However, embryonic lethality arising from disruption of either repair pathway was rescued by loss of p53 and resulted in specific tumor types reflective of the particular DSB repair pathway inactivated. Thus, these data reveal distinct tissue-and cell-type requirements for each DNA DSB repair pathway during neural development and provide insights for understanding the contributions of DNA DSB responses to disease. ataxia telangiectasia mutated ͉ DNA double strand-break ͉ tumorigenesis ͉ neurogenesis ͉ genomic instability N onhomologous end-joining (NHEJ) and homologous recombination (HR) are mechanistically distinct DNA repair pathways that ensure the repair of DNA double-strand breaks (DSBs). These pathways differ in their DNA template requirements and the fidelity of the repair process. HR requires a group of RAD51-related proteins that includes XRCC2 to ensure high fidelity DNA repair by using an undamaged homologous DNA template to replace an adjacent damaged one (1, 2) . In contrast, NHEJ facilitates direct modification and ligation of the two DNA ends present at the DSB. Efficient NHEJ requires Ku heterodimers (Ku70 and Ku80), DNA-PK catalytic subunit (PKcs), DNA ligase IV (Lig4), and XRCC4 (3, 4) . Additionally, other components are also required, amongst which may be Artemis and the recently described XRCC4-binding factor XLF͞ Cernunnos (5, 6) . Whereas NHEJ can participate in repair during all cell cycle phases, HR is functionally important from late synthesis (S) phase to mitosis (7) , although there is likely to be cross-talk and cooperation between these two pathways (8) (9) (10) . Components of each pathway are ubiquitously expressed, and it is assumed that both pathways are competent for and participate in DNA repair, although NHEJ is generally considered the predominant pathway for repairing DSBs in mammalian cells (4) . Thus, together, NHEJ and HR provide an effective means of responding to DNA DSBs and act to prevent the accumulation of damaged DNA. However, delineating distinct roles and the functional interrelationship of each pathway during development and homeostasis are unclear. To precisely evaluate the relative contributions of DSB repair pathways during mammalian development, we compared the consequences of germ-line disruption of either HR or NHEJ. Unexpectedly, our data suggest a specific requirement for each pathway at distinct developmental stages during mammalian neurogenesis.
Results
We evaluated the relative contribution of DNA DSB repair pathways during mammalian development. To study each DSB repair pathway, we used mice containing germ-line disruption of either Xrcc2 or Lig4. To disrupt HR, we generated Xrcc2 Ϫ/Ϫ mice by targeted deletion of exon 3 that encompasses Ϸ75% of the Xrcc2 coding sequence. Xrcc2 is one of a number of mammalian homologues of Saccharomyces cerevisae Rad 51 and plays a critical nonredundant role in HR (11, 12) . The Xrcc2 Ϫ/Ϫ mice were embryonically lethal, and mouse embryonic fibroblasts (MEFs) derived from these mice were hypersensitive to DNA damaging agents and underwent spontaneous chromosomal rearrangements in culture (Fig. 6 , which is published as supporting information on the PNAS web site). The early embryonic lethality and DNA damage sensitivity in our Xrcc2 mutant is similar to another Xrcc2 mutant (13, 14) , and collectively, these data show that Xrcc2 is critical for the cellular response to DNA DSBs and for maintenance of genomic stability.
Despite the importance of HR, NHEJ is often considered the predominant pathway for repair of DNA DSBs (4). To further establish the roles for NHEJ and HR during development, we compared Xrcc2 Ϫ/Ϫ mice (defective HR) with Lig4 Ϫ/Ϫ mice (defective NHEJ). We found a striking difference in the spatiotemporal requirements for each DNA repair pathway during development. Inactivation of Xrcc2 affected early embryogenesis and resulted in abundant apoptosis of proliferating cells and resultant lethality around embryonic days 9-10 (E9-E10) (Fig.  1A) . Some Xrcc2 Ϫ/Ϫ embryos could be found at later times, and these Xrcc2 knockout embryos also showed widespread apoptosis in proliferating forebrain and hindbrain structures (Fig. 1B  k-o) . In stark contrast, disruption of NHEJ resulting from Lig4 loss had no obvious consequences until developmental times later than E12, because no apoptosis above control levels (Fig.  1B a-e) was observed in Lig4 Ϫ/Ϫ embryos before E12 (Fig. 1B  f-i) , suggesting that NHEJ is dispensable during a substantial and critical period of early-to mid-embryonic development.
Because the above data indicate the importance of NHEJ from E12, a stage at which regional differentiation of the nervous system is occurring, we determined the respective requirements for NHEJ and HR at later stages of mammalian nervous system development, where there are clear demarcations between proliferating and differentiating tissues. Analysis of Xrcc2 Ϫ/Ϫ and Lig4 Ϫ/Ϫ E14.5 embryos highlighted the difference in the utilization of each DSB pathway during development and confirmed a particular requirement for Xrcc2 during proliferation. TUNEL-positive cells were located almost exclusively in the proliferative ventricular zone (VZ) of the Xrcc2 Ϫ/Ϫ embryos ( Fig. 2A) . In contrast, apoptosis was largely localized to postmitotic cells of the subventricular zone (SVZ) in Lig4 Ϫ/Ϫ embryos (Fig. 2B) . However, apoptosis does occur in the VZ in Lig4 Ϫ/Ϫ mice, albeit substantially less than the SVZ (Fig. 2B ). There are two possibilities that could explain the occurrence of apoptotic cells in the VZ in E14 Lig4 Ϫ/Ϫ mice. These cells could be differentiating but have not yet migrated, or these cells are proliferative even though proliferative cells at earlier stages of development are unaffected by Lig4 loss. To distinguish between these possibilities, we further analyzed the cellular identity of the apoptotic cells in the Lig4 Ϫ/Ϫ VZ. We used an early neural differentiation marker, doublecortin (a microtubule-associated protein; see ref. 15) , that could distinguish early cell-fate of some neural precursors present in the VZ (Fig. 2 C and E) . To identify the nature of the cells undergoing apoptosis, we used double labeling with immunostaining for doublecortin and TUNEL for apoptosis. In the Lig4 Ϫ/Ϫ embryos at E14, we found doublecortinpositive cells that were undergoing apoptosis, suggesting that many of the apoptotic cells in the VZ of the Lig4 Ϫ/Ϫ embryos were differentiating and were not proliferative ( Fig. 2 F-H) . In contrast, we were unable to identify costaining cells in the VZ of the Xrcc2 Ϫ/Ϫ embryos ( Fig. 2 I-K) . Thus, these data suggest that the apoptotic cells in the VZ of Lig4 Ϫ/Ϫ embryos were undergoing differentiation. DNA damage in the developing nervous system resulting from dysfunctional NHEJ (Lig4 or Xrcc4 deletion) activates a pathway that is p53 dependent (16, 17) . To determine the nature of the DNA damage response in the Xrcc2 Ϫ/Ϫ embryos, we used immunostaining for phosphorylation of p53 ser18 (equivalent to human p53 ser15) to identify whether cells undergo DNA damage-induced p53 activation. We found p53 phosphorylation selectively occurred in the VZ, predominantly in a single row at the ventricular margin in Xrcc2 Ϫ/Ϫ embryos ( Fig. 3A ), but not in WT littermate controls (Fig. 3B ). This location is notable because the nucleus of proliferating cells within the VZ has a defined spatiotemporal relationship with the progression of the cell cycle (18) , and, in this position, cells are in either second gap (G 2 ) or mitotic (M) (Fig. 3C ). To confirm p53 activation in S phase was the case for Xrcc2 Ϫ/Ϫ embryos, we used immunostaining for phosphorylated histone H3 to identify cells in mitosis and BrdU incorporation to mark cells in S phase. Cells immunopositive for antiphospho-histone H3 were clearly demarcated as a single cell layer in both the WT and Xrcc2 Ϫ/Ϫ ventricular margin and coincided with p53 phosphorylation resulting from Xrcc2 inactivation (Fig. 3D) . BrdU also labels a band of S phase cells within the VZ superior to the p53-positive cells (Fig. 3D) . The subsequent distribution of apoptotic cells away from the position of the p53 staining cells in the VZ (see Fig. 2 A) most likely results from the failed commencement of another cell cycle. Additionally, some antiphospho-histone H3-positive mitotic cells were also present at the VZ͞SVZ margin, indicating the occurrence of a laminar population that also coincide with scattered apoptotic cells in this region in Xrcc2 Ϫ/Ϫ embryos (Fig. 2 A) . Therefore, despite a previous report of Xrcc2 loss leading to death in the SVZ (13, 14) , our data now supports a requirement for HR solely in proliferating cells. Thus, activation of p53 in G 2 ͞M cells in the Xrcc2 Ϫ/Ϫ embryo reflects DNA damage signaling arising after DNA replication, at a time when HR would normally be available to facilitate DNA repair. Thus, there is a separate requirement for NHEJ and HR at different developmental stages and within different tissues during mouse nervous system development.
To further define the relationship between DNA damage signaling arising from defective NHEJ or HR, we used a genetic approach to determine the involvement of ataxia telangiectasia mutated (Atm), a protein kinase critical for the response to DNA DSBs) (19-22) or p53 in Lig4 Ϫ/Ϫ or Xrcc2 Ϫ/Ϫ embryos. Although Atm has been implicated in HR in in vitro studies (23) (24) (25) , no data are available in the context of an in vivo setting. Importantly, no relationship between Atm and HR defects has been examined during mammalian development. However, in the case of Lig4 Ϫ/Ϫ , previous work has shown that both Atm and p53 are required for genotoxic stress-induced apoptosis in the Lig4 Ϫ/Ϫ nervous system (17, (26) (27) (28) . To assess whether a similar signaling scenario exists during neural development after HR inactivation, we generated Xrcc2 Ϫ/Ϫ embryos with associated loss of either Atm or p53, by interbreeding either Xrcc2 ϩ/Ϫ p53 ϩ/Ϫ or Xrcc2 ϩ/Ϫ Atm ϩ/Ϫ mice. We found that Atm was required for apoptosis after inactivation of NHEJ but not for apoptosis resulting from disruption of HR (Fig. 4) . Abundant apoptosis was found throughout the E14.5 Lig4 Ϫ/Ϫ cortex that was dependent on Atm ( Fig. 4A ) and p53 (data not shown). In contrast to the difference between Lig4 Ϫ/Ϫ and Lig4 Ϫ/Ϫ Atm Ϫ/Ϫ embryos, Xrcc2 Ϫ/Ϫ Atm Ϫ/Ϫ embryos showed similar apoptosis to Xrcc2 Ϫ/Ϫ embryos (Fig. 4A) . However, loss of p53 prevented apoptosis in Xrcc2 Ϫ/Ϫ embryos (Fig.  4A) . WT embryos showed little or no apoptosis, whereas apoptosis was markedly reduced in the Xrcc2 Ϫ/Ϫ p53 ϩ/Ϫ embryos (data not shown). Apoptosis present in the DNA repair mutants after introduction onto an Atm Ϫ/Ϫ background was quantified (Fig. 4B) . Apoptosis levels in Xrcc2 Ϫ/Ϫ embryos indicates that apoptosis resulting from HR dysfunction is confined to the VZ, and that there is no significant difference between apoptosis in Xrcc2 Ϫ/Ϫ and Xrcc2 Ϫ/Ϫ Atm Ϫ/Ϫ (P Ͼ 0.05), whereas loss of Atm significantly reduced apoptosis after Lig4 loss (P Ͻ 0.0001). Thus, although Atm is required for neural apoptosis that occurs in the SVZ of Lig4 Ϫ/Ϫ embryos, it is not required for that resulting from Xrcc2 loss.
Consistent with TUNEL analysis, lethality associated with Xrcc2 Ϫ/Ϫ was p53 dependent because Xrcc2 Ϫ/Ϫ p53 ϩ/Ϫ and Xrcc2 Ϫ/Ϫ p53 Ϫ/Ϫ mice were viable, although in both cases the mice were smaller and less robust than WT littermates (Fig. 4C) . Again, in accord with TUNEL analysis, Xrcc2 Ϫ/Ϫ Atm Ϫ/Ϫ (and Xrcc2 Ϫ/Ϫ Atm ϩ/Ϫ ) embryos were recovered at the same frequency as Xrcc2 Ϫ/Ϫ embryos, further indicating that loss of Atm provided no survival advantage for Xrcc2 Ϫ/Ϫ deficient embryos. As reported in refs. 26 and 27, Lig4 inactivation is rescued by p53 or Atm deficiency, although Lig4 Ϫ/Ϫ Atm Ϫ/Ϫ mice do not survive past postnatal day 1 (P1).
We also used a biochemical approach to examine the connection between Atm and DNA damage after HR inactivation by determining Atm autophosphorylation in Xrcc2 Ϫ/Ϫ and Lig4 Ϫ/Ϫ neural tissue. Atm activation requires autophosphorylation of ser1981, and this event is rapidly induced after DNA DSBs (29) . Therefore, we isolated developing brain from Xrcc2 Ϫ/Ϫ or Lig4 Ϫ/Ϫ E13.5 embryos and determined Atm activation by using an antibody that recognized phosphorylated ser1981 of Atm (ser1987 in mouse Atm). At E13.5, when there are substantial cellular consequences resulting from Xrcc2 loss, Atm phosphorylation was similar to WT levels. In contrast, at this same developmental stage, loss of Lig4 leads to Atm phosphorylation in developing neural tissues (Fig. 4D) . The specificity of the antisera used is shown by an absence of immunoreactivity in Atm Ϫ/Ϫ developing brain after ionizing radiation exposure compared with robust phosphorylation in irradiated WT tissue (Fig.  4D) . Qualitatively similar results were obtained at other developmental times (data not shown). Therefore, although DNA damage arising from dysfunction in HR in Xrcc2 Ϫ/Ϫ embryos presumably includes DNA DSBs, these DNA breaks do not activate Atm in the embryonic nervous system. As p53 deficiency rescued the lethality of either Xrcc2 Ϫ/Ϫ or Lig4 Ϫ/Ϫ mice, we monitored these mice as they aged. Compared with the Lig4 Ϫ/Ϫ p53 Ϫ/Ϫ mice, the Xrcc2 Ϫ/Ϫ p53 Ϫ/Ϫ and Lig4 Ϫ/Ϫ p53 ϩ/Ϫ were substantially less robust and often died perinatally of undetermined causes. However, of the Xrcc2 Ϫ/Ϫ p53 Ϫ/Ϫ mice that survived, all developed multiple tumor types. Tumor onset in Xrcc2 Ϫ/Ϫ p53 Ϫ/Ϫ mice was rapid and with different tumor types present by 10 weeks of age (Fig.  5A) . In contrast, Lig4 Ϫ/Ϫ p53 Ϫ/Ϫ mice developed either pro-B cell lymphoma or medulloblastoma or both tumor types by 12 weeks of age (28, 30) . Therefore the tumor spectrum in Xrcc2 Ϫ/Ϫ p53 Ϫ/Ϫ mice was broader than that arising from Lig4 loss and included lymphoma, skin tumor, sarcoma (Fig. 5B) , and, like Lig4 Ϫ/Ϫ p53 Ϫ/Ϫ mice (28), medulloblastoma. Although Xrcc2 Ϫ/Ϫ p53 Ϫ/Ϫ mice developed lymphomas, these tumors were B220 negative and therefore distinct to the pro-B cell lymphoma (B220ϩ) present in Lig4 Ϫ/Ϫ p53 Ϫ/Ϫ mice (data not shown). CD4͞CD8 immunophenotyping of Xrcc2 Ϫ/Ϫ p53 Ϫ/Ϫ lymphomas showed CD8ϩ͞CD4Ϫ immunoreactivity indicative of a thymoma (Fig. 5C ). Spectral karyotyping of primary thymomas from Xrcc2 Ϫ/Ϫ p53 Ϫ/Ϫ showed multiple chromosomal rearrangements (Fig. 5D, boxed) . However, unlike the Lig4 Ϫ/Ϫ p53 Ϫ/Ϫ pro-B cell lymphomas that are characterized by an IgH-MYC-C t (12, 15) translocation (Fig. 5D Inset) , no recurring chromosomal rearrangements were found between different primary Xrcc2 Ϫ/Ϫ p53 Ϫ/Ϫ tumors. Moreover, f low cytometry analysis of thymocytes and spleenocytes from Xrcc2 Ϫ/Ϫ p53 Ϫ/Ϫ mice by using CD4, CD8, IgM, and B220 cell surface markers showed similar mature B and T cell populations to those of age-matched WT controls, indicating that, in contrast to Lig4 inactivation, the gross development of B and T cells was unaffected by Xrcc2 deficiency (data not shown). Although Lig4 ϩ/Ϫ p53 Ϫ/Ϫ are prone to sarcomas (31), Lig4 Ϫ/Ϫ p53 ϩ/Ϫ mice do not develop tumors, at least until their death at Ϸ6 months (data not shown). In contrast to Lig4 Ϫ/Ϫ , Xrcc2 Ϫ/Ϫ p53 ϩ/Ϫ mice were extremely cancer prone because thymoma could be found before 12 weeks of age (Fig. 5A) . Despite the cancer proneness of Xrcc2 Ϫ/Ϫ mice, there was no evidence for Xrcc2 haploinsufficiency as Xrcc2 ϩ/Ϫ p53 Ϫ/Ϫ mice developed tumors in a manner indistinguishable from p53 Ϫ/Ϫ mice (Fig. 5A ).
Discussion
Here we have shown that, during mammalian nervous system development, the two major DNA DSB repair pathways, NHEJ and HR, function in a more regional and nonoverlapping manner than previously appreciated. This spatiotemporal distinction also reflects a differential requirement for DNA damage signal transducers and in the tumor spectrum resulting from disruption of either pathway. Our data suggest that HR is the operative DNA DSB repair pathway during early mammalian development and may explain why NHEJ does not appear to be functionally important until around midgestation. Because cellular differentiation will preclude the availability of suitable homologous templates for HR (i.e., sister chromatids), NHEJ becomes a main repair pathway. These data are consistent with lower eukaryotes such as yeast in which the driving cellular process is proliferation, and DNA repair occurs predominantly via HR (1, 4) . The usage of HR during this early development would also ensure the greatest chance of error-free repair, thus maintaining embryonic genomic fidelity.
Our finding that inactivation of HR leads to profound defects exclusively in proliferating neural cells clearly contrasts another description of Xrcc2 loss, where it was reported that substantial apoptosis occurred in postmitotic neural cells (14) . In reconciling that conclusion with our current data, it seems likely that, in the earlier report, the affected cells were the phospho-H3-or BrdU-positive proliferative cells located at the VZ͞SVZ border and not postmitotic neurons (see Fig. 3D ). A striking difference between the inactivation of each DSB repair pathway was the absence of obvious defects after Lig4 loss until almost midway through development. Whereas loss of NHEJ leads to a pronounced wave of apoptosis from E12.5 in differentiating and migrating neural cells, we nonetheless also found apoptosis in the VZ where proliferative cells reside. However, many of these TUNEL-positive cells in the VZ colocalized with doublecortin, suggesting the presence of differentiated cells within the VZ area. It is also possible that in Lig4 Ϫ/Ϫ embryos the effects seen in the VZ may be an indirect effect of the substantial apoptosis in the SVZ, or alternatively, they may in some cases be proliferating cells and reflect the fact that NHEJ can be operative during all phases of the cell cycle (7, 9) .
The abundant apoptosis in differentiating cells resulting from failure of NHEJ suggests that this pathway is required to address DNA damage present after cell cycle exit, perhaps arising from incomplete repair via HR, and so may therefore act as an additional and final genomic surveillance as cells differentiate and mature. Alternatively, NHEJ may be required for new DNA damage that occurs from cellular metabolism such as free radical damage arising from oxidative stress (32) , rather than to address DNA lesions not repaired via HR.
The lack of an observable effect of Atm deficiency in Xrcc2 Ϫ/Ϫ embryos was unexpected, given the reported link to HR (23) (24) (25) and the importance of Atm in the DSB response (19) (20) (21) (22) . This finding implies that Atm is not integral for HR in all settings and may be important for HR in only some tissues, or at later stages of development. In fact the Atm-related protein, ATR, has been implicated in HR and proliferation (33, 34) , and may therefore be primarily involved in DSB signaling (e.g., to p53) (35) in the VZ during development.
We also observed a difference in the tumor spectrum resulting from inactivation of each DNA DSB repair pathway. The broader spectrum of tumors present in the Xrcc2 Ϫ/Ϫ animals probably reflects the particular requirement for HR during DNA replication of precursor or stem cells. The one common tumor type, medulloblastoma, that results from loss of either Lig4 or Xrcc2, reflects postnatal development of the cerebellum via generation of granule neurons from an outer proliferative layer (36) where Xrcc2 is functionally important, and a postmitotic differentiating migratory layer where Lig4 is functionally important. Thus, both proliferative precursors and differentiating neurons are present in this organ, and the maintenance of genomic integrity requires the respective contributions of both HR and NHEJ to prevent medulloblastoma.
In summary, we have shown that the two major DNA DSB repair pathways function in a coordinated manner during development, although there is a defined spatiotemporal distinction in the functional importance of each repair pathway during neurogenesis. Therefore, together, these two pathways effectively maintain genomic integrity and suppress genotoxic stress via cooperative, but largely nonoverlapping, roles during mammalian development.
Materials and Methods
Mice. Xrcc2 was inactivated in the mouse germ line by deletion of exon 3, which contains Ͼ75% of the ORF. Full details of the generation of Xrcc2 null mice are available in Supporting Materials and Methods, which is published as supporting information on the PNAS web site. Xrcc2 Ϫ/Ϫ p53 Ϫ/Ϫ and Xrcc2 Ϫ/Ϫ p53 ϩ/Ϫ mice were obtained by intercrossing of Xrcc2 ϩ/Ϫ p53 ϩ/Ϫ animals. Xrcc2 Ϫ/Ϫ Atm Ϫ/Ϫ mice were obtained by intercrossing of Xrcc2 ϩ/Ϫ Atm ϩ/Ϫ animals. Lig4 Ϫ/Ϫ p53 Ϫ/Ϫ or Lig4 Ϫ/Ϫ Atm Ϫ/Ϫ mice used in this study have been described (26, 28) . The presence of a vaginal plug was designated as E0.5 and the day of birth as P0. All animals were housed in an American Association for the Accreditation of Laboratory Animal Care accredited facility and were maintained in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals. The institutional animal care and use committee at St. Jude Children's Research Hospital approved all procedures for animal use.
Histological Analysis. Embryos were fixed in 4% paraformaldehyde, cryoprotected in 25% sucrose͞PBS, and cryosectioned (10-m sagittal sections) by using an HM500 M cryostat (Microm International GmbH, Walldorf, Germany), whereas tissues were fixed in 10% buffered formalin, embedded in paraffin, and sectioned (7-m sagittal sections) by using an HM325 microtome (Microm International GmbH). These sections were stained with hematoxylin and eosin according to standard procedures. Immunohistological analyses of tissue were performed by using the following antibodies: anti-p53 (CM5; 1:500; NovoCastra); anti-p53 phospho-ser15 (1:100; Cell Signaling Technology, Beverly, MA); antiactive caspase 3 (1:500; BD Biosciences); antiphospho-histone H3 (ser10) (6G3; 1:1,000; Cell Signaling Technology); anti-proliferating cell nuclear antigen (1:100; Calbiochem); anti-Ki67 (1:1,000; NovoCastra); anti-␤-tubulin III (Tuj1; 1:1,000; Babco, Richmond, CA); antidesmin (1:500; DAKO); antidoublecortin (1:1,000; Abcam, Inc., Cambridge, MA); and anti-CD4, anti-CD8, and anti-B220 (all were used at 1:50; PharMingen). Antigen retrieval was used for all antibodies, except cell surface markers. Sections were incubated with antibodies overnight after quenching endogenous peroxidase by using 0.6% hydrogen peroxide, and immunoreactivity was visualized with the VIP peroxidase substrate kit (Vector Laboratories) according to the manufacturer's directions after the tissues were treated with biotinylated secondary antibody and avidin DH-biotinylated horseradish peroxidase-H complex (Vectastain elite kit; Vector Laboratories). Sections were counterstained with 0.1% methyl green (Vector Laboratories), dehydrated, and mounted in DPX (BDH). For fluorescence signals, FITC or indocarbocyanine (Cy3) conjugated secondary antibody (Jackson ImmunoResearch) was used. DAPI (4Ј,6-diamidino-2-phenylindole) staining was used for counterstaining. Apoptosis was measured by using Apoptag (Chemicon). Quantitative analyses of TUNEL-positive cells in the embryonic forebrain were obtained by using IMAGE PROCESSING TOOL KIT V5.0 (Reindeer Graphics, Asheville, NC) by using three to five embryos at E13.5 for each genotype. S phase cells were visualized after a 60-min pulse of BrdU (100 g͞g body weight delivered i.p. at E14.5). BrdU incorporation was visualized by using a rat monoclonal anti-BrdU (Abcam, Inc.) after sections were treated with SSC solution for 2 h at 65°C and then 30 min in 2 M HCl at 37°C and rinsed in 0.1 M boric acid (pH 8.5) followed by routine immunohistochemistry. Spectral karyotyping (SKY) was done by using a SKY probe from Applied Spectral Imaging (Vista, CA) with a single cell suspension of primary lymphoma enriched for metaphases after a 4.5-h colcemid incubation. Applied Spectral Imaging protocols were followed for hybridization and detection.
Atm Phosphorylation Analysis. Atm was immunoprecipitated from microdissected E13.5 embryonic brain regions with Atm antibody D1611 (obtained from Dr. Michael Kastan, St. Jude Children's Research Hospital, Memphis, TN) by using protein A͞G agarose beads. Tissue lysates for immunoprecipitation were prepared in 50 mM Tris (pH 7.5) containing 150 mM NaCl, 50 mM NaF, 1% Tween 20, 0.2% Nonidet P-40, 1 mM 4-(2-aminoethyl)benzenesulfonyl fluoride (Roche), 1 mM DTT, and 1ϫ protease inhibitor mixture (Roche). Beads were rinsed with RIPA buffer (0.15 mM NaCl͞0.05 mM Tris⅐HCl, pH 7.2͞1% Triton X-100͞1% sodium deoxycholate͞0.1% SDS), split 1:2, run on two separate 3-8% NOVEX (San Diego) Tris-acetate gels, and electroblotted to poly(vinylidene difluoride) (PVDF) membranes. Phosphorylated Atm was visualized by using anti-ser1981 Atm antibody (Rockland Immunochemicals), whereas MAT3 antibody (obtained from Dr. Yosef Shiloh, Tel Aviv University, Tel Aviv) was used to detect total Atm. Two separate sets of embryos were used to determine Atm phosphorylation status.
Flow Cytometry Analysis. Immunophenotyping of tumor cell suspensions was done as described (26) by using CD4, CD8, B220, and IgM antibodies obtained from PharMingen.
